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Boolean logic is the foundation of modern digital information processing. Recently, there has been
a growing interest in phenomena based on pure spin currents, which allow to move from charge
to spin based logic gates. We study a proof-of-principle logic device based on the ferrimagnetic
insulator Yttrium Iron Garnet (YIG), with Pt strips acting as injectors and detectors for non-
equilibrium magnons. We experimentally observe incoherent superposition of magnons generated
by different injectors. This allows to implement a fully functional majority gate, enabling multiple
logic operations (AND and OR) in one and the same device. Clocking frequencies of the order of
several GHz and straightforward down-scaling make our device promising for applications.
In the field of spintronics, the generation and de-
tection of spin (polarized) currents have been studied
extensively1–8, with the aim to use the spin degree of
freedom to improve electronic devices. In particular,
magnonic devices based not on the flow of electrical
charges but on the flow of quantized excitations of the
spin system (magnons) have been considered for the
transmission and processing of information. In this con-
text, different propositions for the implementation of
magnonic logic elements and their integration into the
present electronic circuits have been made9–13, using
e.g. the phase or the amplitude of magnon modes to en-
code a logical bit. One important step towards magnonic
logic is the implementation of a majority gate11, with
three inputs and one output. The output of the majority
gate assumes the same logical state (”0 or ”1”) as the ma-
jority of the input signals. Additionally, one of the input
channels can be used as a control channel to switch be-
tween ”OR” and ”AND” operations (see Tab. I), allowing
for multiple types of logic operations in a single struc-
ture. Recently, a design for an all magnonic majority
gate based on single magnon mode operations has been
proposed14,15, using the phase of coherent spin waves
(magnons) to encode the logical ”1” and ”0”. However,
in order to realize this magnonic majority gate, phase
sensitive generation and detection of the spin waves is
required. Furthermore, the selected magnon modes and
therefore the functionality of the logic gate depend cru-
cially on the waveguide geometry, making down-scaling
challenging.
In this letter, we present a proof-of-principle device
implementing a multi-terminal magnonic majority gate
based on the incoherent superposition of magnons, re-
quiring neither microwave excitation nor phase sensi-
tive detection of the spin waves. For the implementa-
tion, we exploit the recently discovered magnon mediated
magnetoresistance (MMR)16,17, which was first measured
in two parallel Pt strips separated by a distance d of
a few 100 nm, deposited onto an Yttrium Iron Garnet
(Y3Fe5O12, YIG) thin film. By driving a charge current
through the first strip, i.e. the injector, an electron spin
accumulation proportional to the driving current is gen-
erated in the Pt at the interface via the spin Hall effect.
This spin accumulation is then converted into a magnon
accumulation in the YIG beneath the injector18,19, which
diffuses across the ferrimagnetic insulator. We assume
that the generated non-equilibrium magnons have the
same polarization direction as the initial spin accumu-
lation in the injector strip. If the second Pt strip, i.e.
the detector, is within the magnon diffusion length, the
non-equilibrium magnons in YIG are converted back into
an electron spin accumulation in the detector Pt strip.
This spin accumulation induces a charge current via the
inverse spin Hall effect (ISHE), which is detected as non-
local voltage in open circuit conditions. Here, we extend
the basic two Pt strip structure to a device with three
magnon injectors and one detector as shown schemat-
ically in Fig. 1 (a). We observe incoherent superposi-
tion of magnons generated by different injector strips,
i.e. the phase of the excited magnons is not relevant. We
show that the detected non-local ISHE voltage is sensi-
tive to the number and polarization of all non-equilibrium
magnons accumulating beneath the detector. Based on
these findings we are able to experimentally implement a
four-strip magnon majority gate, which is integrated into
an electronic circuit.
The YIG/Pt four-strip device we studied was fabri-
cated starting from a commercially available 2µm thick
YIG film grown onto 111 oriented Gd3Ga5O12 via liquid
phase epitaxy. After Piranha cleaning and annealing of
the YIG to improve the interface quality (see Ref. 16 for
details), a 10 nm thick Pt film was deposited on top of the
YIG using electron beam evaporation. For the magnon
injection and detection, we patterned four Pt strips with
a width of w = 500 nm and a center-to-center separation
of d = 1µm using electron beam lithography followed by
Ar ion etching. An optical micrograph of the final device
is shown in Fig. 1 (b). The two center strips (strip 1
and 2 in Fig. 1 (b)) have a length of l = 162µm and the
outer strips (strip C on the left and strip 3 on the right)
are 148µm long. The wiring scheme for the measure-
ments is also sketched in Fig. 1 (b). All experiments are
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FIG. 1. (a) Schematic of the YIG/Pt nanostructures con-
sisting of four Pt strips with width w and center-to-center
separation d . We label the strips as C (control), 1 (injector),
2 (detector) and 3 (injector) from left to right. (b) Optical
micrograph of the YIG/Pt device: the bright strips are the Pt
strips, the dark parts the YIG. Current sources are attached
to the injector strips 1 and 3 as well as to the control strip.
The ensuing non-local voltage drop V2 is recorded at strip
2. (c) The non-local voltage V2(I1A1, 0) while current-biasing
only along strip 1, and V2(0, I3A3) while driving strip 3 are
measured as a function of the applied current and are repre-
sented by blue open squares and orange open circles, respec-
tively. The blue and orange lines represent linear fits to data.
Note that we quote I ·A as the relevant bias, since the spin
Hall current across the entire interface area A contributes to
the MMR. (d) V2(I1A1, I3A3) measured while current-biasing
strips 1 and 3 with the same current magnitude and polarity
is represented by the purple open squares. The purple line is
a linear fit. (e) The green open squares represent V2 measured
when biasing strips 1 and 3 with currents of opposite polarity.
In this configuration, the non-local voltage goes to 0 within
experimental error.
performed at T = 275 K with an external magnetic field
µ0H = 1 T applied in the thin film plane perpendicular
to the strips.
In the first part of the experiments we demonstrate the
incoherent superposition of magnons in the simple three-
strip device with strips 1, 2, and 3 (black wiring in Fig. 1
(b)): for the generation of the magnon spin accumula-
tion beneath strip 1 and 3 we drive the charge currents
I1 and I3 through the respective strips. As the number of
magnons generated beneath one Pt strip is proportional
to the electron spin accumulation at the interface, which
in turn scales with the charge current I flowing in the
strip times the area A of the YIG/Pt interface18, the dif-
ferent lengths of injector strips 1 and 3 need to be taken
into account for quantitative analysis. In order to de-
tect the spin accumulation beneath strip 2, we therefore
measure the open-circuit voltage V2(I1A1, I3A3) using a
nanovoltmeter. To increase the measurement precision,
we use the current switching method described in Ref. 16.
Firstly, we focus on measuring the voltage response
V2(I1A1, I3A3) while applying a current bias only to strip
1 (I1 6= 0, I3 = 0) or to strip 3 (I1 = 0, I3 6= 0), in order
to compare the injection efficiency of both strips. The
results are shown in Fig. 1 (c). As expected, V2 scales
linearly with I1 and I3, respectively, since the non-local
voltage is proportional to the number of non-equilibrium
magnons accumulating beneath strip 218,19. Since at zero
bias current no magnons are injected, V2(0, 0) = 0. For
positive driving currents along the +y-direction in Fig.1
(a), the spin accumulation in the Pt is polarized along the
+x-direction and thus we assume the magnons generated
beneath the injector to be polarized along the same di-
rection. These magnons diffuse to the detector (strip 2)
and via the inverse spin Hall effect induce a negative volt-
age V2, which is consistent with previous measurements
using the sam configuration16. By inverting the driving
current, the spin viz. magnon polarizations are inverted
and consequently a positive non-local voltage is recorded.
Taking these properties together, our detection method
is therefore sensitive to the number of non-equilibrium
magnons reaching the detector as well as their magnetic
polarization. Note also that the magnons diffuse isotrop-
ically, i.e. to the left as well as to the right in Fig. 1 (a).
Therefore, it does not matter for the sign of the detected
voltage whether the injector strip is on the right or left
side of the detector strip.
Within the experimental uncertainty of 5 nV of our
setup (limited by the nanovoltmeter noise and/or ther-
mal stability of the setup), V2(I1A1, 0) = V2(0, I3A3) for
I1A1 = I3A3, showing that the magnon generation effi-
ciency of both strips is identical. To quantify this in more
detail, we fit V2(I1A1, 0) = α1 · I1A1 and V2(0, I3A3) =
α3 · I3A3 to the data. We find α1 = −3.77× 107V/Am2
and α3 = −3.72×107V/Am2, showing that α1,3 are iden-
tical within less that 2%.
Next, we investigate the non-local voltage
V2(I1A1, I3A3) while simultaneously biasing strips
1 and 3. For identical current polarity (I1A1 = I3A3)
equal numbers of magnons with identical polarization
are generated beneath both strips. The results are
shown in Fig. 1 (d) as purple open squares. The purple
line represents a linear fit to the data with a slope of
α1+3 = −7.53× 107V/Am2. Assuming an incoherent su-
perposition of the magnons created beneath strip 1 and
strip 3 we expect α1+3 = α1+α3, which is in good agree-
ment with the experimental data. This result is further
corroborated by the V2 values obtained for opposite cur-
rent directions in strip 1 and strip 3, i.e. I1A1 = −I3A3,
shown in Fig. 1 (e). A linear fit to the data reveals a
slope of 0.05× 107V/Am2 and therefore α3−1 = α3−α1.
Additional measurements were conducted using different
driving current amplitudes and polarities for strips 1 and
33 (not shown here). From these data, we consistently
find V2(I1A1, I3A3) = α1 · I1A1 + α3 · I3A3.
Taken together, we observe incoherent superposition of
non-equilibrium magnons, injected independently by the
different injector Pt strips.
Control C Injector 1 Injector 3 Detector 2
1 1 1 1
1 0 1 1
1 1 0 1
1 0 0 0
0 1 1 1
0 0 1 0
0 1 0 0
0 0 0 0
Ic I1 I3 V2
+ + + −
+ + + −
+ + − −
+ − − +
− + + −
− − + +
− + − +
− − − +
TABLE I. Truth table of a majority gate14. The bottom half
of the table shows the sign of the bias currents for the input
channels as well as the sign of the resulting non-local voltage
V2 in a MMR based majority gate. Positive and negative
bias currents in the injectors are defined as logical ”1” and
”0” respectively. Since a positive bias current in the injector
yields a negative non-local voltage V2
16, we define V2 < 0 as
”1” and V2 > 0 as ”0”.
We now show that a magnon-based majority gate can
be implemented in the four-strip nanostructure, with
three input and one output channel as shown in Fig. 1
(a). A majority gate returns true if more than half the
inputs are true, otherwise it returns false, as shown in
Tab. I. The third input can be used as a so-called con-
trol channel (wire ”C” in Fig. 1 (a)), which allows for
switching between ”AND” and ”OR” operations. We
define positive and negative currents in the injectors as
the logical ”1” and ”0” respectively. Since for positive
bias currents a negative non-local voltage is detected, for
the output signal V2 < 0 is defined as ”1” and V2 > 0
as ”0”. The bias currents for input 1 and 3 are cho-
sen such that |I1A1| = |I3A3| = 0.81 × 10−14Am2 and
V2(I1A1, I3A3) is subsequently measured for fixed val-
ues of Ic = ±150µA. The resulting voltage is shown as
black open squares in Fig. 2 for different input combina-
tions (Ic I1 I3). For convenience, we do not quote the
real charge current values, but rather the corresponding
bit values (0 or 1), with the control bit marked in red.
For example, if all three injectors are biased with a posi-
tive current, corresponding to the input (111), a negative
voltage is detected at the output, corresponding to a log-
ical ”1”. The experimental data successfully reproduces
the truth table (Tab. I): by changing the control bit from
”1” to ”0”, one can switch from an ”OR” to an ”AND”
operation (left and right side of the graph respectively).
The majority function is furthermore visible in the sign
of the output signal (green and orange area in Fig. 2), as
the output mirrors the majority of the input signals.
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FIG. 2. Test measurement of the four-strip majority gate.
The detected non-local voltage V2 is depicted for different
input signals (Ic I1 I3), where the bit of the control channel
is marked in red. The magnitudes of the injector currents
I1 and I3 are kept constant, and V2 is measured for control
current magnitudes Ic = 150 and 100 µA (black and blue
symbols). The experimental data faithfully reproduce all the
properties of a majority gate.
Since the control channel is further away from the de-
tector, due to the exponential decay of the magnon ac-
cumulation with distance16,17, the number of magnons
from the control channel reaching the detector is smaller
by about a factor 5. However, the actual amplitude of the
control signal Ic is not crucial for the function of the ma-
jority gate and can be further reduced as shown in Fig. 2
for 100µA (blue triangles): the majority gate function
is not perturbed by changing the amplitude of the con-
trol bias current. We can therefore choose any amplitude
for Ic as long as the induced ISHE voltage is detectable.
This allows for a high flexibility in the device operation.
In this context, another advantage of this magnon based
logic gate is the possibility to reprogram the device by
simply interchanging the injector, detector and control
channels. To guarantee the functionality of the majority
gate, the input bias currents only need to be adapted to
the geometry of the device, in particular to the distance
between the injector and detector strips.
Note that logic operations are already feasible in a
three strip device with two injectors and one detector.
In this case the threshold chosen for the detector deter-
mines whether the gate performs ”AND” or ”OR” opera-
tions. However, the four strip device allows for the same
4functions, without requiring a redefinition of the output
threshold.
Apart from flexibility, an important aspect for the ap-
plication of spintronic logic is the clocking frequency.
The relevant time scale for a MMR based majority
gate is dominated by two processes: the generation of
a spin/magnon accumulation beneath the injector and
the diffusion of the incoherent magnons. It has been
shown experimentally that the spin Hall effect induced
spin accumulation persists up to frequencies of at least
a few GHz20, corresponding to spin accumulation build
up times well below a nanosecond. Concerning the prop-
agation of the spin waves, the average group velocity of
magnons in YIG is of the order of 1µm/ns12. In the
device shown in Fig. 1, the magnons therefore have a
lower limit of about 2 ns for their travel time from the
control to the detector strip, resulting in a maximum
switching frequency f = 1/T of about 500 MHz. This
can be further improved by changing the design of the
four-strip device. For example reducing the width of the
Pt strips to 50nm and their center-to-center separation
to 100nm already leads to a factor 10 increase of the
switching frequency, to several GHz. This value is com-
parable to clocking frequencies in current devices and to
those expected in other spintronic based logic gates21.
Down-scaling not only leads to faster switching, but also
decreases the device footprint, and increases the energy
effciency of the logic gate: for smaller distances between
strips, the output signal increases exponentially17, such
that the required bias currents are lower. Since the log-
ical bit is encoded in the polarization of the generated
magnons and not in the frequency, phase or amplitude of
the spin waves, down-scaling does not perturb the func-
tionality of the logic gate. Note that in the short distance
limit, assuming ballistic magnon transport and neglect-
ing interface losses, the non-local voltage is limited by the
bias voltage times α2H, where αH is the spin Hall angle in
the normal metal. This corresponds to the conversion ef-
ficiency from charge to spin and back to a charge current
in the Pt layer.
In summary, we have measured the non-local voltage
(the magnon mediated magnetoresistance) in a YIG/Pt
device with multiple magnon injectors and observe in-
coherent superposition of the non-equilibrium magnon
populations. The measurements show that the detected
non-local voltage is sensitive to the number of magnons
reaching the detector and their polarization. Based on
the incoherent superposition of spin waves, we imple-
mented a fully functional four-strip majority gate. The
logical bit in this device is encoded in the polarization of
the magnons, which are injected using a dc charge cur-
rent. The output can be read out as a dc non-local volt-
age, enabling a simple integration into an electronic cir-
cuit. Clocking frequencies of the order of several GHz and
straightforward down-scaling make the device promising
for applications.
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